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THE ATTENUATION OF SOUND AND THE CONSTANT
OF RADIATION OF AIR.

By A, WIiLMER DUFF.

Preliminary.

HE intensity' of sound spreading in spherical waves from a
source would, if no part of the energy of vibration were lost
in the passage, vary inversely as the square of the distance. It is
certain, however, that a considerable proportion of the vibrational
energy must in every second be converted into heat, though no
attempt seems to have been made to determine experimentally how
large this portion is. The chief purpose of the present paper is to
describe some observations made by the author with a view to
obtaining a rough estimate of this important quantity.

While this is probably the first attempt at an experimental investi-
gation, several eminent physicists have discussed the question
theoretically. Thus Stokes® in 1845 studied the effect of the vis-
cosity of the air and deduced numerical results, and in 1851 he?
found a formula for the effect of radiation from the condensations
and to the rarefactions, but calculation from this formula is still im-
possible because of our ignorance of the rate of radiation of a gas.*

1To avoid confusion I shall use ¢ intensity’’ in the objective sense of flow of energy
and loudness in the subjective sense. :

2 Phil. Mag. (4), I., 305.

3 Cambridge Phil. Trans., VIII., 287.

4 See remarks by Rayleigh in Nature, No. 1447, Vol. 56 (1897).

129




130 A. WILMER DUFF. [Vor. VI,

Rayleigh ' has applied Stokes’ method to estimate the effect of con-
duction. All these investigations have referred to plane waves
only. Kirchoff ? in 1868 discussed the effect of both cenduction
and viscosity on plane waves and indicated the result for spherical
waves also. Brunhes?® has recently examined the effect of conduc-
tion on plane waves, obtaining a result in accord with those of
Kirchoff and Rayleigh.

In order to deduce any intelligible results from the observations
I have made, it is necessary to either assume or establish a law of
diminution of intensity in' spherical waves, taking account of vis-
cosity, radiation, and conduction simultaneously. As considerable
doubt might attach to a formula framed by combining the formula
already obtained for the separate effects enumerated, it has seemed
necessary to give the following brief theoretical dlscussmn of the
question.

Theoretical.
The dynamical equations of the smal/ motigns of a viscous com-

pressible fluid are (‘1«: Be aloccice % Ly e P /v-yc_w)

o I aj) ‘u. il ©r 2 (af£+a?}+aw)

ot :00 o 100 32 or \or ' oy s

ov I ap ¥z 2 JZA (aa v aw)

pee a4 2 (o T T I
or " py m, : 3% oy \ox oy oz (1)
@) T ap 2 (a?t ov a:..[')")

o¢ s :00 9% pu + 3400 95 \ox e a)’ ¥ o7

where p denotes the coefficient of viscosity and p, the normal

density. Denoting a condensation by s, the equation of continuity is

an a_u aw , 3s _ : (

2
83’ 95  9f )

This leads to an obvious simplification of (1). The above con-
stitute four equations in five functions of =z, , 5, and ¢ viz.: u, v, w,
#, 5. A fifth is supplied by the law of gaseous pressure

1 Theory of Sound (1896), Vol. IL., p. 28.

2 Pogg. Ann., CXXXIV., 289.
3 Jour. de Phys., VL., p. 289, 1897 (Abstract 473, Phys. Soc. of London, 1897).
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p=rKp(1+all)

in which @ denotes cacess of temperature. But, since p denotes the
density corresponding to a condensation s,

p=py(145),
whence 2=kp,(1+s+all) (3)

the product of small quantities being neglected.
As this introduces a new function, f, another equation is needed.
This is supplied by the thermal relation '

,? + y720 — 20 (4)

in which the first term on the right denotes the rate of change of
temperature due to condensation, the second that due to conduc-
tion, and the third that due to radiation according to Newton’s Law.

To adapt these equations to spherical waves, suppose the origin

xr ¥ s

transferred to the source of sound ; multiply (1) by ~ J;, ;- respec-

tively and add, and then transform by use of the relation
Pr=224 7+ 5~

Denoting the radial velocity by V7 and writing ¢’ for u/p, we get

1op_ 7 aV ',E/ azs 355

From (2) and (4) by transformation and substitution of ¢’ for 0/B
we get

2V v 8
2 . 2%’ s
(a-'-f-)?’ﬂf—J 872 ——?"a't"‘:O. (7)
By use of (3) and (6), (5) becomes
oV e e
- = 8
= (‘H' at)a Ao =0 (&)
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The motion here considered, being symmetrical about the origin,
is necessarily irrotational and a velocity potential ¢ exists which is
a function of 7 and # only. On introducing it, (6), (7) and (8) be-
come

ohry  @-78
o A ©
. LAl *r  3lrp
Gttt o o
%5;+ (*"’ + & %)s+ﬁa;'95’=0 (11}

An arbitrary function of # has been omitted from (11) as it may be
supposed to be incorporated in ¢ and to disappear on the restoration
of V. _

These equations being linear and the motion known to be peri-
odic, we may assume that ¢,s, # contain 7 only in virtue of the
factor ¢, /2 being a constant which will afterwards be regarded as
imaginary. Hence

9% ro L
o 4 frs=o0 (12)
0’ Fo R R )
e =
(b+ 21l —v o 7 = o (13)
hrg + (k + 4 ) rs + kafir = o (14)

Elimin‘ating rs and 70" and putting y = 1 4 ¢f8 we get

-7 a*ro
A a;f — B3+ Crg=o0 (15)

where

y
A= 7 ( + & Ip”)
A
B=uky+ sy +v)+ 3 (K + /")

A
g —

=t (I -+ /z)

Hence the required solution is 7¢ = &"-e”, where ¢ satisfies the

equation
A¢* — B + C=o0 (16)
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Now for air at 0°C. and atmospheric pressure the value of p’ is:
.132 and of v.2567.' Hence #/ and ¥ may be regarded as small
quantities. Our knowledge of the value of 2 is extremely vague.
For notes of very low pitch 2 may be comparable in magnitude with
the modulus of % ; but for the very high-pitched notes employed in
the second part of this paper (for which the modulus of /= 2zx "’
7000) it is evident that A cannot be comparable with the modulus of
J; for if it were, a mass of air initially at any excess of temperature
above the surrounding mass would fall, by radiation only, to one-
half of that excess in a length of time comparable with one sixty-
thousandth of a second. Hence we shall first solve (16) for the
case treated experimentally. This will enable us to make a rough
estimate of the value of 2 and it will then be seen that the solution
will hold for all sounds except those of the very lowest pitch.

Hence for the first approximation to g we negleef ¢, v and Ak
Replacing / by #i we thus obtain

ni

= 4 ——1
7 vy

To obtain the second approximation let

-

g=:1:(\/k—r+m) (17)

and substitute, neglecting products of ¢/, v, A/ and m. We thus.
get

72 — 1 =T T
= gl T LA s g ,
35 Kt 2cz3J+ T 2h : (18)
Thus the typical solution for 7 ¢ is
re = g —mr g ni(t—7la) (19)

in which @ = /4y — the velocity of sound and the lower sign in
(17) has been chosen as corresponding to the outward traveling
wave of diminishing intensity. An abitrary multiplier may be in--
troduced and an arbitrary constant added to # Omitting these and

1The absolute conductivity is taken as .00005572 as obtained by E. Miiller, Wied..
Ann., 6o, 113 (1896).

The other itwo roots of (16 ) are very
great and greater the smaller V ;. hence
they do not correspond to the phygical
conditions of the present problemn. .
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realizing the solution by discarding the imaginary part of the above
expression we get for 7

V——[ cosn(t——)] 3
P : 7 1 4 7 7
=& | ———siiT n(t—— — 5— COS n(t—'—)]
oy & o @

Thus the motion at any point consists in the superposition of two
simple harmonic vibrations differing in phase by a quarter of a
period. The ratio of the amplitude of the second to that of the
first is

7

1
m— : —
St .

a

n o, : s st
Now — s the modulus of the first approximation to ¢ and 7z is the

5 K
difference between the first and second approximations; also 1/r
rapidly diminishes as 7 increases. Hence, after a short distance the
motion is sensibly

v=""sinn ( F— ?—) (20)
r a

Hence the intensity varies as

—2
& e

=
It will be seen from (18) that 2 consists of three parts due to vis-
cosity, conduction, and radiation respectively and that, while the first
two increase very rapidly with increase of the vibration frequency,
the third, due to radiation, is independent of the vibration frequency:.

Experimental.

It is well known that great difficulties are encountered in any at-
tempt to measure the intensity of sound or study its variations. In
the following method the rate of decay of intensity is deduced from
the distances at which sounds of different intrinsic intensity become
inaudible and it is assumed that when fwo faint sounds are indis-

X0 Even 1f A have such =z large value
that a mase of air would fail to 1/2 of its
initial excess of temperature in one hun- -
dredth of a second, the value of n wouldn
by L18) not exceed 0 0004
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z‘z'ﬁgmlska&le by the car as regards pitch and quality the naninuin in-
tensity required for andibility is the same for both.

A large number of very small whistles were made of as nearly as
possible the same shape and dimensions. From these the eight
that seemed most similar in all respects were chosen- and mounted
on a wind-chest in such a way that any number could be blown
under a definite pressure indicated by a water manometer., The
distances at which each pair and all the eight just became inaudible
were then -determined under conditions to be described presently.
Let R be the distance at which all eight whistles blown at once be-
came inaudible and » the mean distance at which two became
inaudible.  Then at a distance » the mean intensity of two
whistles equalled the minimum for audibility and hence that of the
eight whistles equalled four times' that minimum, while at distance
‘R the intensity of the eight whistles just equalled the minimum for
audibility. Now it was found that near the limits of audibility the
sounds were indistinguishable in quality. Hence, assuming (as stated
above) that the minimum was the same in both cases, we have by

the preceding theory
- g—ami ?‘,2

g—amr R.!

log (I2 4
and o\ G
= ﬁ

~—

The observations were made at a very quiet place on the River
St. John in New Brunswick, Canada, the whistles being sounded on

11t is here tacitly assumed that the intensity of the eight whistles equals the sum of
their intensities when sounded separately. This may (if justification be needed) be jus-
tified on two grounds: Firstly, it was ascertained that the distance apart of the whistles
on the wind-chest had no effect on the distance of audibility and that the quantity of en-
ergy spent in sounding all eight whistles (as measured by the wind expenditure at con-
stant pressure) was the sum of the quantities expended in sounding them separately.
Hence, the total energy of vibration produced is the sum of the quantities which would
- be produced by separate blowing. Secondly, that the intensities at any distance are also
additive may be justified from the analysis. TFor in the case of the coexistence of several
notes the solution for 7~ will be the sum of such partial solutions as (20), and by in-
tegrating ‘¥ a p through a large multiple of the mean period it can be shown that the
complex sound follows the same Jaw of attenuation as the simple sounds (# being the
mean of the values for the separate sources) and that the resultant mean intensity is the
sum of the separate intensities.
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one side of the river and the sounds listened to on the other side.
Only times when there was no appreciable wind were considered
suitable for work. To eliminate the effect of reflection from the
banks several different stations for sounding and directions for ob-
serving were tried in different sets of observations. The orifices of’
the whistles were always kept turned directly toward the observer.
To avoid errors due to tiring of the ear in some cases the observa-
tions on the pairs of whistles were made first and in other cases
those on the eight whistles. Various devices were tried to eliminate
the effect of bias in determining the distance of inaudibility. The
difficulty of determining the point at which the sound became in-
audible was found much less than was expected. Nevertheless,
there was always a space in which it was doubtful whether the
sound was heard or imagined. The middle of such a space was
taken as the most probable position of extinction.

The relative intensities of the different pairs of whistles may be
judged from the fact that in one case the distances of inaudibility
were 508, 511, 518, 529 meters and in another 622, 629, 636, 647
meters. These were the only cases in which the distance for each
separate pair was finally measured. In general, the position for each
pair was marked by a stake and the mean distance finally taken for
measurement. In the absence of facilities for the purpose the pitch
of the whistles was not determined until some weeks after the ex-
periments were made. It was then found by using a high pressure
sensitive flame to locate the nodes of the stationary waves produced
by reflection from a wall. The semi-wave-lengths thus found at
18° C. were 2.49, 2.406, 2.41, 2.41, 2.40, 2.42, 2.42, 2.44 cms.
The mean of these is 2.44, corresponding to a vibration frequency
of 7000.

In the following table of results the C. G. S. system of units is.
employed :

-

ta R t e
1 38400 50600 27°.C, .000034
2 40700 51800 23 .000040
3 63400 75400 15 .000043
4 45800 55900 26 .000049
5 59700 71200 15 .000045

Mean .000042
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It may be noted that No. 1 was a preliminary experiment made
with a view to finding the best conditions of work and was com-
pleted although a slight wind had sprung up which interfered with
the observations. This probably accourits for the exceptional value
of 7. The very great differences in the values of » and of R on
-different occasions were due chiefly to wide variations in disturbing
sounds such as those produced by birds and insects, the rustling of
grass and the ripple of water.

It will be seen from this table that the eight whistles were, on an
.average, audible about one-fourth farther than a pair of whistles,
whereas, if the sphericity of the waves had been the only cause of
.attenuation, the distance would have been as two to one. It will
.also be seen from the value of 2 sz that the total energy of vibra-
tion decreases at about five-sixths of one per cent. per meter.

From (18) it can readily be calculated that for the high pitched
notes employed the part of 2z due to viscosity is .00000350, and the
part due to conduction .0oooo1g. The difference between the sum
-of these and the value for # found experimentally is .000035. It
will thus be seen what a relatively small part of the whole effect is
due to viscosity and conduction, and what a large part is due to radia-
tion and whatever other causes have not been considered. Of such
hitherto unconsidered causes the only two that readily suggest
themselves are atmospheric refraction (which causes a curvature of
‘the lines of radiation) and reflections arising from a lack of homo-
geneity of the medium.

It does not, however, seem probable that either of these causes
has contributed largely to the value of m. For, while viscosity,
-conduction, and radiation are comparatively constantin their action,
refraction and internal reflection are causes which must vary very
widely with circumstances of position and of the condition of the
atmosphere and, had they been accountable for any considerable
part of the effect observed, the separate values of 7 could not have,
-shown such a fair degree of accordance as they do. To make this
.clearer in regard to refraction, it may be noted that (1) there was
practically no wind (the chief source of refraction), (2) the vertical
temperature gradient (the only other considerable source of refrac-
tion) must have varied widely, since the time of observation varied
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from the heat of noonday to the cool of evening after sunset (in the
last observation), (3) the height of the station at which the whistles
were blown varied from three feet to nine feet above the level of the
water, while the height of the observer’s ear varied from six feet to
ten feet. :

Again, whatever the circumstances are that determine that lack
of uniformity or “flocculence ” of the atmosphere which was sup-
posed by Tyndall to produce internal reflection, it seems highly
probable that they varied widely because of (1) the variation of time
of observation and of temperature already noted and (2) variations
in the hygrometric state of the air ranging from comparative dryness
to (in one case) saturation before a heavy shower, and as the values
of 72 show no such wide variations it seems improbable that much
of the diminution of intensity was due to this cause. It would seem
highly probable that, in any case, the air above a large body of
water on a still day is comparatively uniform. No continuance of
the sound after blowing had ceased could be observed, which is con-
trary to what would be expected if there had been much internal
reflection. It may be noted also that internal reflections do not
themselves produce a diminution of intensity in the case of a sus-
tained note, for the reflection does not involve a diminution of en-
ergy of vibration, and reflections toward the observer will compensate
for reflections away from him. Nevertheless the prolonging of the
time of transmission from the source to the observer may lead to
an increase in the effects due to viscosity, conduction, and radiation.

Assuming then that refraction and reflection contributed but little
to the diminution of intensity observed, we see that radiation is about
seven times as effective as viscosity and about eighteen times as effec-
tive as conduction in reducing the intensity of a note whose vibration
frequency is 7000. But the effects of viscosity and conduction are
proportional to the square of the frequency, while that of radiation is
the same for all sounds. Hence for a note of medium pitch, for
example one whose vibration frequency is 350, radiation must far
transcend viscosity and conduction in effect, being in fact nearly
3000 times as effective as viscosity and over 7000 times as effective
as conduction. The whole rate of diminution would, so far asthese
three causes are concerned, be practically that of radiation alone or
about two-thirds of one per cent. per meter.
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It seems, therefore, improbable that, as some have thought, the
mellowing of harsh sounds with distance is due to a higher rate of
decay of the higher components. It is more probably due to their
smaller initial energy which causes them, even with nearly the same
rate of decay, to drop sooner to the limits of audibility.

The Constant of Radiation of Air.

According to Newton’s law, the rate of cooling of a gas by radi-
ation bears a constant ratio to the excess of its temperature above
that of its surroundings. From the preceding experimental estimate
of the effect of radiation on sound intensity and the theoretical value
as given by equation (18), it can be calculated that the value of this
constant is for air about 8.3. It follows that a mass of air at any
‘given excess of temperature above its surroundings will, if its volume
remains constant, fall by radiation to one-half of that excess in about
one-twelfth of a second. For reasons that appear in the preceding
section this estimate of the rate of radiation must be regarded as
more probably too great than too small.

Large as this estimate of the constant of radiation may seem to
be, it is still not inconsistent with the known fact that the velocity of
sound is (within the limits of experimental error) independent of the
pitch. This can be seen by integrating (15) on the assumption that
2 is not negligible compared with 7 or by calculation from the results
of Stokes’ discussion of the effect of radiation. Even for a note of
as low frequency as 50, it would only produce a decrease of velocity
of one part in three thousand.

There is another respect in which the somewhat large value
obtained for the constant of radiation is of interest. It would seem
to point to an intimate association between gaseous particles and the

ether, permitting of a rapid transfer of energy of vibration from the
former to the latter.

Purpue UNIVERSITY, LAFAYETTE, IND.
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